A model proposed by Melia & Ruffert to evaluate the spectrum and radiation flux for accretion on to a black hole makes use of the`equipartition assumption' in which the magnetic, turbulent and gravitational energy densities are assumed to be in approximate equilibrium for distances below the accretion radius, where Bondi±Hoyle infall begins. As a consequence, the mechanism for the dissipation of the magnetic field and the resulting effect on the flow of the accreting gas have not been treated quantitatively. Here we examine alternative approaches for modelling the dissipation of magnetic fields and turbulent flow to see how these may be incorporated into the model. The results of our study should be immediately applicable to the ever-improving measurements of the spectrum and size of the massive black hole at our Galactic Centre, in particular producing a more accurate estimate of its mass. Combined with greatly refined kinematic studies of this region, our work may constrain the dark matter concentration in the nucleus of our Galaxy.
I N T R O D U C T I O N
In a recent series of papers, Melia & Ruffert (Melia 1992; Melia 1994; Ruffert & Melia 1994) have put forward a model aimed at evaluating the spectrum and radiation flux/luminosity for the energy released as surrounding matter accretes on to a massive black hole. This model builds on the seminal work of Shvartsman (1971) , who was the first to point out that a significant amount of the infalling matter should be converted into radiation for black hole masses greater than , 0X03 M ( . In the original formulation, the corresponding luminosity would result from synchroton radiation by magnetized plasma heated up to T < 10 12 K during the infall process and would have a very mild slope from optical to radio wavelengths. In particular, for accretion near very massive black holes 10 M ( & M & 10 4 M ( , hard radiation would result, exhibiting a flare behaviour with a peak intensity of about 10±100 times the synchroton intensity. Shvartsman also concluded that for accretion near black holes of approximately 10 5 M ( , the gas would remain cool T < 5000 K and display an emission spectrum similar to the optical spectra of quasars. Furthermore, accretion on to a black hole would be distinctly different from that on to a neutron star, because in the latter case a significant component in the radiation spectrum (about half) would be caused by the emission from the surface of the star, which would be periodic for a rotating star, whereas in the former case all the radiation was hypothesized to come from a hot, thin disc.
In estimating the total energy radiated by a fully ionized gas accreting on to a black hole, Shvartsman employed non-relativistic approximations for both the fluid dynamics and radiative processes. In deriving an expression for the total luminosity, he utilized the Bondi±Hoyle accretion rate whilst the temperature variation was determined by studying the second law of thermodynamics under the gas dynamics approximation. Later, Shapiro (1973) carried out a relativistic calculation of the total luminosity and frequency spectrum for spherically symmetric, steady-state accretion on to a non-rotating black hole in an interstellar gas, which was assumed to consist of pure hydrogen. He considered two different situations, one where the interstellar medium consisted of partially ionized hydrogen, and the other where it consisted of totally ionized hydrogen. For the latter the principal heating/cooling mechanisms were recombination, e±p brehmsstrahlung and e±e brehmsstrahlung, while for the former they also included collisional excitation and ionization. It was found for X-and g-rays that the dominant contribution to the emission spectrum was caused by e±p and e±e brehmsstrahlung.
According to Zeldovich & Novikov (1971) , the Bondi±Hoyle accretion rate, which is derived by using the hydrodynamic approximation, is valid for accretion distances greater than four times the Schwarzschild radius. By utilizing this fact and the fact that the magnetic field plays an important role in the cooling of the gas, Melia (1992 Melia ( , 1994 has developed an accreting black hole model where the emission is determined by a combination of the non-relativistic electron±electron and electron±ion emissivities as well as the cyclotron/synchroton emissivity caused by thermal electrons. By taking into account that the total emission is highly absorbed for frequencies at which the emitted intensity is greater than the blackbody intensity, thereby implying that the optical depth exceeds unity, Melia was able to determine the temperature at which the cooling rate would equal the heating rate resulting from the dissipation of the magnetic field, because for distances closer to the black hole the flow would be practically isothermal at this value, first postulated by Shvartsman. For distances further from the black hole, the temperature was determined by equating the thermal energy density with the magnetic energy density via the equipartition assumption, which yielded a result inversely proportional to the distance from the black hole. The two results for the temperature, together with the particle density and magnetic field, were then used to determine the frequencydependent luminosity from the expressions given by SchmidBurgk (1978) and Ipser & Price (1983) , which incorporate the effects of self-absorption and radiative transfer in a Schwarzschild geometry.
Melia found for a black hole mass of ,10 6 M ( and an initial temperature of 7 Â 10 6 K behind the bow shock that the calculated flux was consistent with the data obtained from kinematic studies over 10 decades of frequency for Sagittarius (Sgr) A*, a hypothesized supermassive object situated < 0X06 pc to the west of IRS 16 at the Galactic centre. Thus, the model argued strongly in favour of Sgr A* being a *10 6 M ( black hole. Melia also found that cyclotron/synchroton emission dominated the spectrum for frequencies less than 10 13 Hz whereas above this value brehmsstrahlung emission dominated. Between 10 9 and 10 13 Hz, the flux rose linearly as a consequence, in part, of the isothermality occurring for distances less than 10 4 times the gravitational radius. A turnover at the high frequency end of the spectrum (the socalled`brehmsstrahlung shoulder' at 10 18±19 Hz) was found to be dependent on the maximum temperature attained by the accreting gas, which, as mentioned above, was determined by equating the heating rate resulting from magnetic field dissipation with the cooling rate obtained from the total emissivity.
The equipartition assumption is invoked because the energy density u m of a frozen-in magnetic field in a spherical flow increases inward (G r 24 much more rapidly than the gravitational energy available (u g G r 25a2 for a free-fall matter density distribution). Thus, any magnetic field carried by the accreting matter should find a way to decrease its magnetic energy density to remain at the same order as the gravitational energy, because if it did not then the magnetic field could not remain anchored or frozen into the gas (see Me Âsza Âros 1975). Hence, the usual assumptions made in studying accretion on to a black hole are that the magnetic energy density is a constant factor times the gravitational potential energy density and that the difference between the energy density of a frozen-in magnetic field and the equipartition energy density is dissipated and added to the accreting matter as heat.
In this paper we aim to set up the framework required for a future study of magnetic field dissipation and turbulence carried by the accreting plasma, in order to examine what effect dispensing with the equipartition assumption has on the luminosity/flux spectrum in an accreting black hole model. For this future study to proceed, we shall begin by studying the dissipation of the magnetic field and turbulence in a parcel of plasma, which will ultimately be compressed to simulate the actual situation encountered in the accretion process.
We should also mention that we are not the first to propose abandoning the equipartition assumption in studying the dynamics of magnetic dissipation in heating spherically accreting matter on to a black hole. This has already been done by Scharlemann (1983) , who showed that the magnetic stresses accompanying dissipation can be responsible for an instability in the flow of the accreting plasma. The instability arises from the separation of much of the accreting plasma into sheets of cool, dense material with most of the radiation emanating from the hotter, tenuous material between sheets. In abandoning the equipartition assumption in his study, Scharlemann has had to make the additional and somewhat arbitrary assumption that the spherically averaged electric field associated with the current sheets between sheared or oppositely directed regions of the radial component of the magnetic field is a fixed fraction of the dimensionless Alfve Ân velocity times the magnetic field strength, which is motivated by the fact that rapid reconnection of the field occurs wherever any component of the magnetic field changes sign and is not held apart by suitable fluid pressure. In this mechanism, which is known as the Petschek (1964) mechanism, dissipation of the sheared magnetic field occurs in the form of shock waves surrounding special neutral points in the current sheets and, thus, nearly all the dissipated magnetic energy is converted to the magnetic energy carried by the emergent shocks. Rapid reconnection may occur with a speed 10 22 ±10 21 times the Alfve Ân velocity, V A , and causes vigorous dissipation of the magnetic field (Parker 1979) .
In an earlier study of field-reconnection mechanisms in astrophysical flare processes, Van Hoven (1979) pointed out that aside from the fact the Petschek mechanism suffers conceptually from an absence of an observable time-scale and a predictable energy output, there is also a question as to whether it exists, because it has never been observed in both laboratory and astrophysical applications. He, therefore, considers a second fieldreconnection mechanism referred to as resistive magnetic tearing or the tearing instability (Furth, Killeen & Rosenbluth 1963) , which is not only a temporally growing instability driven by the free energy of a sheared magnetic field but has also been observed in laboratory applications (Van Hoven 1976) .
In this work we aim to focus on the problem of dissipation of a magnetic field in a turbulent plasma. To meet this primary aim we shall develop a method whereby an irregular magnetic field is generated by Kolmogorov turbulence throughout a parcel of plasma. From this simulation we shall determine all the regions where shearing of the field occurs so that we can utilize Van Hoven's (1979) analysis to enable us to calculate the overall dissipation rate of the magnetic field. From this study we shall be able to examine in the future the effect that such a dissipation rate has on the luminosity evaluated from the accreting black hole model described above.
M AG N E T I C F I E L D S I N T U R B U L E N T F L OW S
Before describing the method that we propose to adopt in order to simulate the turbulent magnetic field in an astrophysical plasma, we need to review some of the basic features of energy spectra associated with turbulent flows. We begin by examining the essential characteristics of the simplest form of turbulence, known as isotropic turbulence. According to Hinze (1959) , this type of turbulence is hypothetical because no actual turbulent flow ever shows true isotropy, although conditions can be created so that isotropy can be closely reached. In addition, from theoretical studies and experimental results it is known that the fine structure of most anisotropic flows exhibits local isotropy and, hence, many features of isotropic turbulence may apply to phenomena in actual turbulent flows that are determined by fine-scale structure. Moreover, even if we do consider the large-scale structure of a turbulent flow, which may be non-isotropic over a large part of its spectrum, it is often possible as a first approximation to treat the turbulence as if it were isotropic.
In isotropic flows it is found that the smaller eddies decay at a higher rate than the larger ones and, hence, the influence of time increases as the wavenumber k increases. Conversely, the energy spectrum becomes less dependent on time as k decreases. In fact, for small k, EkY t G k 4 exp 22k 2 nt, where n is the kinematic viscosity. Thus as k increases the spectrum increases very rapidly, reaches a maximum and then decreases monotonically to zero. At the same time, the effect of time on the rate of decay increases also.
The character of all flows is determined by the ratio of the inertial forces over the viscous forces, which is given by the Reynolds number R e . For the accreting black hole model described above, we shall be primarily concerned with high Reynolds numbers, where in a fully developed state of turbulence it is not the largest eddies that possess the maximum kinetic energy but the eddies in a higher range of wavenumbers, known as the range of energy-containing eddies (Hinze 1959) . This range provides the main contribution to the energy spectrum and within it the spectrum peaks at a wavenumber denoted by k e . Just before the onset of this range, the isotropic energy spectrum is proportional to k for medium values of wavenumber, while for the smaller values down to k 0 the spectrum is proportional to k 4 . Although this range, consisting of the larger and more permanent eddies, contains much less energy than the energycontaining eddies, its contribution to the spectrum is not negligibly small and may be as high as 20 per cent.
Dissipation by viscous effects increases up to a maximum as the size of the eddy decreases. The smallest eddies have a wavenumber denoted by k d . For large values of Reynolds number, the range of the energy-containing eddies and the range of maximum dissipation are sufficiently widely spaced that k e ! k d . In the range k @ k e , the eddies obtain their energy by inertial transfer from the larger eddies and, hence, there is a continuous flux of energy through the wavenumber range and continuous dissipation, the latter increasing with wavenumber.
Within the range of energy-containing eddies there is a range of high wavenumbers where the turbulence is in equilibrium and uniquely determined by the wavenumber, the viscosity and the dissipation rate, known as the universal equilibrium range. Here, the dissipation rate, , is given by the following integral over the energy spectrum:
Furthermore, for sufficiently large values of the Reynolds number, i.e. R 3a4 e s 1, the energy spectrum in a subrange of the universal equilibrium range is independent of the viscosity. That is, the transfer of energy is inertial in this subrange. More importantly, the energy spectrum in this inertial subrange is given by the famous Kolmogorov spectrum law, i.e. EkY t a 2a3 k 25a3 .
According to McComb (1990) , the constant of proportionality in the Kolmogorov spectrum, denoted here by a, has been the subject of considerable interest, with most workers in the field agreeing that the value of the constant is about 1.5. In a desire to cover the range between the k 4 range of the largest eddies and the inertial subrange with the Kolmogorov power law, Von Ka Ârma Ân (1948) In the above equation the quantity f(r, t) represents the longitudinal velocity correlation coefficient. It should also be noted that the Von Ka Ârma Ân interpolation formula is only valid for very large Reynolds numbers, i.e. Re s 1. Before we can discuss the question of whether the broad features of homogeneous isotropic turbulence, as described above, still persist when studying high Reynolds number magnetohydrodynamic (MHD) flows, we need to describe the two competing rapid reconnection mechanisms, which lead to the formation of current sheets or instabilities over small scales in regions of highly sheared magnetic fields. In the first of these mechanisms, the Petschek mechanism, the basic physics of the reconnection model developed by Sweet & Parker (Parker 1979 ) is retained although the geometry of the reconnection region is altered, which allows reconnection to occur more rapidly. In the original model two oppositely directed magnetic fields in a fluid of characteristic length L were pressed against each other by their magnetic pressure, and under steady-state conditions subsequent reconnection of the fields led to fluid escaping in the horizontal direction from a current sheet or thin layer in which the magnetic field changed from B to 2B across its thickness measured in the vertical direction. Parker found that the velocity, w, at which the two magnetic fields approached each other was equal to 2V A aR 1a2 m , where V A is the Alfve Ân speed and R m is the characteristic magnetic Reynolds number, while the thickness of the sheet was given by l 2LaR 1a2 m . These results, however, implied that the rate of reconnection was small compared with the Alfve Ân speed, so Petschek made the observation that there is no necessity to connect the width of the dissipation region with the overall dimension L of the oppositely directed fields. Instead, the fields could meet across a narrow apex with a very small width compared with the characteristic dimension and then the rate of merging could become a significant fraction of the Alfve Ân speed. At the apex the field lines would reconnect and their tension would eject the fluid vigorously in the horizontal direction, which would, in turn, suck the oppositely directed fields vertically toward the origin as a result of the reduction in local pressure. Petschek estimated that the merging rate could be as high as V A /ln (R m ), and because ln (R m ) was between 10 and 30 at the surface of stars and no more than 50 in galaxies, the speed of reconnection of the fields could be as rapid as 10 22 ±10 21 times V A . Resistive magnetic tearing, which is sometimes referred to as q 1999 RAS, MNRAS 310, 1053±1061 Downloaded from https://academic.oup.com/mnras/article-abstract/310/4/1053/1073322 by guest on 25 December 2018 the tearing instability, is also a rapid field-reconnection mechanism driven by the free energy of a sheared magnetic field. However, unlike the static Petschek mechanism, it has an observable time-scale and a predictable energy output (Van Hoven 1979) . It occurs in plasmas with behaviour that deviates from ideal magnetohydrodynamics (MHD) , that is where the magnetic field is frozen into the fluid, by including the effects of Coulomb collisions, which result in resistive behaviour and the relative diffusion of the field and the fluid. The effect can be observed by combining Faraday's law with Ohm's law to obtain A aaV A , h is the resistivity and a is the characteristic spatial scale. When the magnetic Reynolds number, R m t r at A , is large, the MHD or Alfve Ân time-scale dominates, whereas when R m is small, resistive behaviour dominates. According to Van Hoven, R m is typically very large (.10 9 for huge astrophysical systems but the dominance of MHD behaviour over resistive behaviour can change dramatically in special regions where a and V A are small, which are also conditions for the onset of the resistive magnetic tearing instability.
Taking the above into account, Van Hoven goes on to describe the energetics of the instability by considering a fluid with a sinusoidally sheared field, in which reconnection occurs in an extremely small layer of width da, where d ! 1. The magnetic energy, which drives the instability, disappears in the reconnection layer as it is transformed into fluid energy. For this situation Van Hoven shows that the maximum growth rate of the instability is given by
A more exact and earlier calculation conducted by Cross & Van Hoven (1971) in terms of the physical parameters of the system in cgs units yields
The effect of turbulence on magnetic reconnection has been studied by Matthaeus & Lamkin (1986) , who simulated the evolution of a periodic incompressible 2D MHD sheet pinch upon which a low level of broad-band fluctuations was superposed. They observed the standard features of reconnection such as the growth of small-scale magnetic islands and bubbles inside the magnetic pinch and plasma jetting in addition to the development of rather homogeneous isotropic turbulence, i.e. Kolmogorov inertial range behaviour, with broad-band spectra at smaller scales. However, they found that for a Reynolds number of 1000 neither magnetic nor kinetic energy spectra followed a power law cleanly, although in certain cases the spectra had a wavenumber dependence that resembled a steady-state cascade spectrum over a limited range of wavenumbers, e.g. see fig. 13 of Matthaeus & Lamkin (1986) . Politano, Pouquet & Sulem (1989 in more recent work have numerically integrated the 2D MHD equations for a freely decaying incompressible conducting fluid flow with a periodic geometry. These authors used a pseudospectral method in space and a second-order finite difference scheme in time with the initial conditions being the Orszag±Tang (OT) vortex, which has frequently been used as a prototype in turbulent 2D MHD flows. Politano et al. (1993) found for kinetic and magnetic Reynolds numbers of order 10 4 that the energy spectrum displayed an inertial range of approximately 5 , k , 25, while in Politano et al. (1989) 
law in the inertial range. The latter power law has been predicted by Iroshnikov (1963) and Kraichnan (1965) as a consequence of the slowing down of the energy transfer to small scales by Alfve Ân waves. In both references, Politano et al. (1989 Politano et al. ( , 1993 found that whenever a current sheet was located on a kinetic vortex, the eddy was able to distort the sheet and induce a tearing instability. Whenever tearing occurred, strong bursts were visible, which affected, in particular, the magnetic modes with k . 80. They also observed the formation of large long-lasting magnetic islands at several spots and transient magnetic bubbles by reconnection. In the end, the magnetic islands were ejected towards the edges of the neutral sheets.
It can be seen from the recent simulation of 2D high Reynolds number MHD flows that the general characteristics of homogeneous isotropic turbulence persist when reconnection of the magnetic field occurs as a result of destabilization of current sheets by resistive tearing. However, it still remains to be resolved whether the power law for the inertial range varies as 25a3 as in the Kolmogorov spectrum or as some other power, e.g. 23a2. On the other hand, Shvartsman (1971) in his seminal work has stated that, owing to the formation of shock waves, the spectrum should, in fact, be steeper than a Kolmogorov spectrum. Obviously, the influence of turbulence on tearing instabilities requires much further investigation but it is not unreasonable as a first approximation to assume that a Kolmogorov spectrum holds in a region of a highly sheared magnetic field. By making this assumption, we shall examine how the Kolmogorov spectrum can be employed in generating a turbulent magnetic field in an astrophysical plasma so we can observe what effect such a field has on the accreting black hole model described earlier.
I N C O R P O R AT I N G A T U R B U L E N T M AG N E T I C F I E L D I N T O T H E AC C R E T I N G B L AC K H O L E M O D E L
In recent work, Giacolone & Jokipii (1994) have presented a novel numerical method for analysing the fundamental physics of ionic motion in a turbulent magnetic field. By assuming that the fluctuations of the magnetic field are static and that they also follow a Kolmogorov spectrum, Giacolone & Jokipii have been able to develop a turbulent magnetic field by numerical simulation which is then used to show that ions in complete 3D situations readily cross the resultant magnetic field. This is in contrast to their earlier 2D work (Jokipii, Ko Âta & Giacolone 1993) , which showed that ionic motion was essentially suppressed across the magnetic field and, hence, the only allowed motion across the average magnetic field direction was that caused by random walks along field lines. Their primary aim in developing this approach is to evaluate the transport coefficients both along and across the ambient field, so that a comparison with analytic theory can follow. Our interest in their approach, however, is to examine how it can be incorporated into the accreting black hole model described in Section 1, so that the effect on the luminosity spectrum by magnetic reconnection can be studied in the future. Giacolone & Jokipii (1994) begin their specification of a turbulent magnetic field by writing the total field Vr qBramcY where q and m are, respectively, the charge and mass of a particle moving in the field, as the sum of two distinct contributions, V 0 corresponding to the background field and dV(r) corresponding to the fluctuation about the mean. It is also not necessary that dV be small. Giacolone & Jokipii obtain a 3D field by summing over a given number of transverse waves of random polarization, i.e. with a wavevector k that is oriented in a random direction specified by angles u and f . A form for the fluctuating field that satisfies the divergence theorem is
where a(k) and b(k) are random numbers between 0 and 2p and represents the sense of rotation of the wavevector. The primed coordinate system is related to the unprimed system via the following rotation:
Thus for each k there are four random numbers: 0 , uk , pY 0 , fk , 2pY 0 , bk , 2p and 0 , ak , 2p. The irregular magnetic field is assumed to be generated by Kolmogorov turbulence, so that
where k min corresponds to the longest wavelength in the inertial range of the energy containing eddies and g 5a3, the power of the Kolmogorov spectrum as described in Section 2. The quantity V(k min ) is obtained from the total energy density, which, in turn, is defined in terms of the magnetic field Bk mcVkae by
By using this prescription, Giacolone & Jokipii (1994) are able to generate all three components of the magnetic field as functions of the position coordinates, x, y and z, of a number of particles released from the origin with a speed u 0 in random directions. For their analysis they choose 50 values of k, evenly spaced on a logarithmic scale corresponding to wavelengths between 0.2 and 10u 0 /V 0 , where V 0 represents the proton gyrofrequency in the background magnetic field B 0 . Furthermore, by assuming that there is as much energy density in the fluctuations as there is in the background field, the total energy density was set to B 2 0 a8p. There are two approaches for numerically generating the turbulent magnetic field V(r) via the above prescription. In the first approach that was adopted by Giacolone & Jokipii, the field is generated at each time-step for each particle position. These particle positions are determined by solving the trajectories for each particle's equation of motion, namely du dt u Â VrX 11
In this approach the same set of random numbers is used for each particle and hence only r changes. Although this procedure is very time-consuming, the alternative approach of generating the turbulent magnetic field for a given volume is not much better, because the volume of the plasma must be large. Giacolone & Jokipii estimate that the required volume V , 100l
computations are required to begin the simulation. For l max 50l min , this means 8 Â 10 8 computations, which not only is as time-consuming as the former approach but also requires a huge amount of computer memory. Nevertheless, it is our intention to employ the second approach to study the effect of reconnection on an astrophysical plasma.
Therefore, at every time-step, the magnetic field V(r) is generated by using the random variables, u(k), f (k), b(k) and a(k). In addition, the^sign in equation (7) corresponding to the sense of rotation is chosen randomly. The calculation is carried out on a lattice of wavenumbers k, chosen with a spacing that covers the inertial subrange of the range of energy-containing eddies discussed in Section 2. Giacolone & Jokipii adopted a`rule of thumb' in choosing values of k between 0.2 and 10u 0 /V 0 , but this may be inappropriate for the astrophysical plasmas that we wish to consider. Clearly, from the material presented in Section 2, before we can use the Kolmogorov spectrum we need to determine whether the Reynolds number is sufficiently large for the astrophysical situations we have in mind. That is, we need to ensure that Re 3a4 s 1. We shall also need to determine the wavenumber marking the range of the energy-containing eddies, i.e. k e . The wavenumber k d corresponding to maximum dissipation of the eddies should also be determined, but is not absolutely crucial, because when Re 3a4 s 1 we can also use the Von Ka Ârma Ân interpolation formula. By plotting the Von Ka Ârma Ân interpolation formula over all wavenumbers with the appropriate k e for our situation, we can compare the resulting graph with the plot of E(k, t) given on p. 189 of Hinze (1959) , which exhibits the various ranges corresponding to the different types of eddy behaviour discussed in Section 2. Hence, even without a knowledge of k d , one can obtain the approximate wavenumber values corresponding to the inertial subrange.
As a consequence of ensuring that the Reynolds number is sufficiently large and determining the inertial subrange, we can apply the Giacolone & Jokipii prescription of generating a turbulent magnetic field via the Kolmogorov power-law spectrum, equation (9). In applying the second of the two approaches discussed above to astrophysical plasmas relevant to the accreting black hole model discussed in Section 1, we shall set the magnetic field intensity to a`seed' value at time t 0, consistent with that expected to pervade the inner 1 pc region of the galaxy (i.e. of order 10 24 G). Thereafter, the value of B averaged over the domain of solution will evolve according to the dissipation rate we infer from the calculation. V(k min ) is, therefore, well determined as a function of time from the total energy density as given by equation (10).
In order to study the energetics of resistive magnetic tearing in this box plasma, we must first determine the points where the field becomes sheared, and by how much. Let us denote the turbulent magnetic field at any position r obtained via the second approach of Giacolone & Jokipii by V(r), while the field at a small displacement of D from this position is denoted by Vr D. The sheared or anti-parallel components arising from these magnetic fields are represented by the subscripts r (for right) and l (for left). Thus, we find V r r ; Vr 2 V 0 rY 12
where
In the above, the symbol k denotes the component of Vr D parallel to V(r). One can then employ Van Hoven's treatment of the energetics of resistive magnetic tearing (Van Hoven 1979) to the fields V r (r) and V l r D, to determine the local dissipation rate B/t for each chosen time-step. We shall begin by selecting numerous samples or sets of sites from the domain of solution for a fixed but arbitrarily chosen set of values for the four random variables, u(k), f(k), b(k) and a(k). The minimum number of lattice points in r will be set by the condition that the iteration yields a convergent determination of the dissipation rate. This means that the number of chosen points should be consistent with the maximum wavenumber k we use to terminate the expansion for the magnetic field given by equation (7), so that the magnetic field changes more or less smoothly between the points for which the sheared components have been evaluated. We then determine the dissipation rates by applying the above equations to the sample sites.
The calculation is to be carried out at a time-step dictated by how fast the accreting gas compresses. If the gas stopped moving towards the black hole, then the magnetic intensity would not increase and, consequently, the bulk dissipation would be smaller. The characteristic time-step should be chosen so that the magnetic field does not dissipate more than some small percentage, that is in order that the change can still be regarded as`infinitesimally small'. Normally, picking a Dt that keeps changes in the important physical quantities to within 1±5 per cent of the underlying values is considered to be adequate. The calculations will then be repeated by using different values for u(k), f(k), b(k) and a(k) to confirm, again via a statistical analysis, that they are indeed random in the entire calculation process.
I L L U S T R AT I O N O F T H E M E T H O D
We have developed an algorithm following the above prescription for determining the time-dependent magnetic field in a converging flow, and here we present the results of a preliminary application of the method. The above procedure for generating a turbulent magnetic field requires that we set up a domain of solution, which for convenience we take to be a cube of side length L(t). The time dependence of L is chosen to reproduce the gas compression rate associated with the process of spherically symmetric accretion on to a compact object. For example, the rate at which the volume element changes (dV/dt) is 4pr 2 dr/dt, which for a plasma in freefall gives
In equation (14), R acc is the accretion radius and in terms of the inflow velocity far from the black hole it is equal to 2GMav 2 1 . Thus, a simplistic, but nevertheless practical, prescription for L is
As the domain of solution has been specified, the gas density at any point r within this volume can then be evolved in time.
For simplicity, the second state variable, namely the temperature T, is calculated by assuming that the gas is a polytrope with index g 5a3. In the complete implementation of magnetic dissipation within the multidimensional simulation of accretion at the Galactic Centre, both the particle density and temperature will be calculated self-consistently, incorporating the effects of hydrodynamic compression, dissipative heating and radiative cooling.
With a view to simulating the conditions pertaining to the Galactic centre, we begin the calculation at the`accretion radius' (,5 Â 10 16 cm with a particle density of approximately 10 3 cm
23
and an average (seed) magnetic field of about 10 23 G. This density is determined from observations of broad-lines for He i, Bra and Brg, while the magnetic field intensity is based on a number of grounds for typical Galactic centre regions (see Melia 1992 Melia , 1994 , and references cited therein). Assuming also that the seed magnetic field is in equipartition with the interstellar gas, we estimate the initial temperature of the infalling gas to be q 1999 RAS, MNRAS 310, 1053±1061 Figure 1 . Sample magnetic field lines within the domain of solution, which is here a cube of side length 8X7 cm Â 10 17 cm, normalized to 1 in the figure. Each field line is labelled by its number at both entry and exit points on the cube. 1X5 Â 10 5 K. These conditions, as well as the maximum and minimum wavenumbers characterizing the turbulent magnetic field, evolve as the length of the box changes with time.
As indicated previously, the maximum wavenumber of the energy-carrying eddies is based on an estimate of k d , which is assumed to equal 2p/l d , where l d is the gyration radius of the protons. The minimum wavenumber for these eddies is more difficult to quantify, but is expected to lie within the range corresponding to the box size L and the Schwarzschild radius or event horizon of the black hole, i.e. R g ; 2GMac 2 . Again, for simplicity, we shall take k min to be 2p/L min , where L min is the geometric mean of these two length scales, namely R g L p . A refinement of the manner in which k min is calculated will be discussed in future work.
Our results are shown graphically in Figs 1 to 5. Several sample magnetic field lines are plotted in Fig. 1 to demonstrate the turbulent fluctuations inherent in the formulation of equation (7). In this image, the cube has a side length of 8X7 cm Â 10 17 cm, and the field-line footpoints are chosen randomly, with an average separation of 10 24 times the cube dimension. As discussed in the previous section, it is the sheared components of neighbouring fields that undergo the resistive tearing mode reconnection.
Figs 2±5 show, respectively, the magnetic field (compared with its equipartition value) as a function of time and as a function of radius, the magnetic time rate of change (resulting from both flux conservation and dissipation) and the state variables, r and T, as functions of time. Zero time is set at the point where the gas crosses the accretion radius. For this system, the infalling plasma q 1999 RAS, MNRAS 310, 1053±1061 Figure 2 . The actual magnetic field B (solid line) and its equipartition value B eq (dashed line) as functions of time. Time t 0 is set at the point when the infalling plasma crosses the accretion radius (here at 5 Â 10 16 cm). The rapid change near t < 5 Â 10 8 s (or roughly 16 yr) is caused by the sharp increase in the flow speed and the fast convergence of the gas as it descends the last few hundred Schwarzschild radii toward the event horizon. Initially, the latter is slightly larger than the former, so the magnetic field falls somewhat below its equipartition value, and it remains there for much of the infall. However, although both the temperature and density increase rapidly as the gas falls through the last few hundred Schwarzschild radii (see Fig. 5 ) so that the dissipation rate increases correspondingly, the increase in B owing to flux conservation is overwhelming near the event horizon and the field increases several orders of magnitude above its equipartition value. reaches the event horizon a little more than 5 Â 10 8 s (or roughly 16 yr) later. The rapid change in these quantities at t , 5 Â 10 8 s is caused by the sharp increase in the flow speed and the fast convergence of the gas as it descends through the last few hundred Schwarzschild radii toward the event horizon.
Although the magnetic field tracks its equipartition value fairly well, it is clear from this preliminary simulation that simply setting B equal to B eq has serious implications both for the inferred heating rate of the gas and the spectral contribution from synchrotron emissivity. At large radii, the dissipation rate is able to suppress B below equipartition (though B and B eq are within 20±50 per cent of each other for much of the time), but it is not large enough to do so when the state variables change more rapidly deep in the potential well. For example, in the calculation summarized here, B attains a value exceeding B eq by up to two orders of magnitude during the last few hours as the gas crosses the last 50 or so Schwarzschild radii. As this is the region of the infall where the highest energy radio (synchrotron) emission is produced, these results suggest that there should be an upturn in the radio portion of the spectrum of Sgr A* relative to what would be expected when an equipartition field is assumed throughout.
The fact that the magnetic field may approach and exceed its equipartition value at small radii could have an impact on the gas mass-flow rate toward the event horizon. Although we have here modelled the compression rate as that resulting from a freely falling plasma, in reality one must obtain the actual velocity profile by solving the Euler equation for momentum conservation, which includes the effects of gradients in the pressure. When the mass density is low, these modifications to the free-fall condition are ignorable. The overall pressure P P gas P mag P rad , however, depends on the radiation and magnetic field content, in addition to the contribution from the gas. In general, the gas receives a greater impediment to its inward flow (and hence the accretion rate) when the adiabatic index G 1 is greater than 4/3, because then the rate of increase in P per unit energy is greater than that of a pure photon field for which G 1 4a3. A fluid with G 1 equal to or smaller than 4/3 cannot support itself against gravitational compression (e.g. Shapiro & Teukolsky 1983 ). An ideal gas has G 1 5a3. For a mixture of gas and magnetic field, G 1 will tend to smaller values as P mag /P gas increases. Thus, under the reasonable assumption that the gas plus magnetic field system gains energy only from the gravitational potential of the plasma, it is not expected that the magnetic field can provide sufficient buoyancy to impede the flow greatly. It will, however, have some impact and this needs to be considered fully in a more selfconsistent application than we have attempted here.
C O N C L U S I O N
In this paper we have discussed the recent model proposed by Melia (1992 Melia ( , 1994 and Ruffert & Melia (1994) for evaluating the spectrum and radiation flux of accreting matter on to a black hole. This model makes use of the equipartition assumption, in which it is assumed that the magnetic, turbulent and gravitational energies are in approximate equilibrium within the accretion radius. As a consequence, the energetics associated with magnetic field dissipation and concomitant reconnection processes, which result in instabilities in the flow of accreting plasma, have been neglected.
As a first step to rectifying this situation we have presented a phenomenological approach for studying the effect of a turbulent magnetic field on an astrophysical plasma based on the work of Giacolone & Jokipii (1994) . Before this approach can be introduced into the accreting black hole model described in Section 1, we need to investigate whether it can be employed to study magnetic dissipation and reconnection processes in a box plasma. We have reported the results of some preliminary calculations using this method. A more complete study will be presented in a future publication.
Although the procedure we have outlined above is somewhat simplified (compared to the full flavour of this problem), many of the important physical characteristics of the magnetic field dissipation in a compressed flow are retained. To our knowledge, no approach such as this has yet been attempted. The key outcome of our analysis will be a determination of the time-dependent magnetic field intensity in the ionized gas accreting on to compact objects such as Sgr A* in the Galactic centre. Knowledge of this physical quantity is vital to our attempts at estimating the heating rate of the gas, and ultimately the radiative signature of these sources. Ongoing radio observations of this unique black hole candidate promise measurements with improved temporal and energy resolution, and our study should have an immediate impact on the development of current theories that try to account for its enigmatic nature.
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